Kerr detection of acoustic spin transport in GaAs "110… quantum wells
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Time-resolved Kerr reflectometry ͑TRKR͒ is used to investigate the long-range transport of spins by surface acoustic waves in undoped GaAs ͑110͒ quantum wells. TRKR measurements under an applied magnetic field demonstrate the coherent precession of the optically generated electron spin during acoustic transport over several micrometers and yield information about the relaxation processes for moving spins. © 2010 American Institute of Physics. ͓doi:10.1063/1.3524218͔
The moving piezoelectric potential ⌽ SAW created by a surface acoustic wave ͑SAW͒ provides an efficient tool for the transport and manipulation of spins in semiconductor quantum wells ͑QWs͒. [1] [2] [3] These potentials can capture photogenerated electrons and holes in their spatially separated maxima and minima, respectively, thus dramatically increasing the recombination lifetime. The trapped carriers can then be transported with the well-defined SAW velocity v SAW while maintaining the electron spin coherence over long distances. Long electron spin transport distances require the control of spin scattering mechanisms and, therefore, spin coherence time. The spatial separation of electrons and holes by the SAW field has the beneficial effect of reducing the electron-hole exchange interaction, which is a main spin scattering mechanism in undoped semiconductors ͓the BirAronov-Pikus ͑BAP͒ spin dephasing mechanism͔. 1 A second important scattering mechanism for moving spins arises from the spin-orbit coupling ͓the Dyakonov-Perel ͑DP͒ spin dephasing 4 ͔, which makes the spin precession angle dependent on the carrier trajectory. Two approaches have been proposed to reduce DP dephasing during acoustic transport in GaAs-based QW structures. The first consists of controlling the electron momentum and spin relaxation processes through mesoscopic confinement of carriers in moving potential dots produced by the interference of two SAW beams. 2 The second, which will be explored here, takes advantage of the special symmetry of GaAs ͑110͒ QWs. The latter makes DP spin dephasing processes inoperative for electron spins oriented along the growth axis, reducing also the overall dephasing of spins precessing around an axis lying in the QW plane. [3] [4] [5] [6] [7] [8] Previous investigations of the acoustically induced spin transport in ͑110͒ QWs were carried out using optical excitation to generate spin-polarized electron-hole pairs in an undoped QW. The spin density after transport was then detected by analyzing the circular polarization of the photoluminescence ͑PL͒ emitted when the carriers are brought to recombine after transport over several tens of micrometers. 2, 3 The PL detection presupposes an efficient radiative recombination of the acoustically transported carriers, which is difficult to achieve in deep transport channels. In addition, the spin information is lost after recombination, thus limiting the use of this technique in many spintronics applications.
In this letter, we demonstrate an alternative approach to detect spins during acoustic transport in GaAs ͑110͒ QWs based on spatial-and time-resolved Kerr reflectometry ͑TRKR͒.
9,10 Here, the spins are optically generated using a circularly polarized pump laser pulse focused onto the SAW path ͑cf. inset of Fig. 1͒ . They are then detected during acoustic transport by measuring the change in polarization of a weaker, linearly polarized probe pulse displaced by ⌬x and delayed by ⌬t with respect to the pump. An in-plane magnetic field perpendicular to the transport path induces the coherent precession of the spin vector as a function of ⌬x, thus delivering information about the spin scattering processes. This technique has also been recently successfully applied in spin relaxation studies in moving potential dots in GaAs QWs. 11 The sample used in the studies consists of a 20 nm thick undoped GaAs ͑110͒ QW with Al 0.15 Ga 0.85 As barriers located 400 nm below the surface. In order to enhance the piezoelectric field, the whole structure was coated with a 424 nm thick piezoelectric ZnO film. The SAW was generated along the x ʈ ͓001͔ surface direction by an interdigital transducer ͑IDT͒ ͑cf. inset of bination of the carriers by depositing semitransparent metal stripes to short-circuit ⌽ SAW at the surface. 2 Due to the sample geometry, however, the screening of ⌽ SAW at the QW plane was not strong enough to induce a PL signal for spin detection.
The experiments were carried out with the sample in a microscope cryostat with an external coil to apply in-plane magnetic fields B ext up to 0.15 T ͑Fig. 1͒. The output of a tunable Ti:sapphire laser producing 2 ps pulses with a repetition rate of 76 MHz is split into pump and probe beams which are focused at the generation ͑G͒ and detection ͑D͒ points with intensities I G = 100 W and I D =10 W, respectively. The pump beam is polarization-modulated using a photoelastic modulator ͑PEM͒ operating at 50 kHz and focused under oblique incidence onto a 15 m spot on the sample surface. The linearly polarized probe is focused onto a 10 m spot and can be delayed by up to 5 ns relative to the pump using a 1 m delay line. The change in probe polarization induced by interactions with electron spins is detected by using a / 2-plate, a Wollaston prism, and a pair of balanced photodetectors whose signal is detected by lock-in amplifiers synchronized with the PEM ͓lock-in ͑a͔͒ and an optical chopper on the probe path ͓lock-in ͑b͔͒.
The pulsed pump beam creates a high carrier concentration within the illuminated area of the undoped QW, which was probed by measuring the changes ␦I R in the probe reflectivity as a function of position and time.
12 All measurements were carried out with the laser energy tuned to the electron heavy-hole exciton ͑ hh Ӎ 813.1 nm͒, and using a SAW generated by applying P rf = 20 dBm to the IDT. In order to discriminate SAW effects from the thermal ones arising from the high P rf , the rf and the laser excitations were applied in the form of square pulses at a frequency of ϳ200 Hz. The optical measurements were then carried out with the rf and optical pulses in-phase ͑SAW plus thermal effects͒ and out-of-phase ͑only thermal effects͒. Due to the slow thermal relaxation, the temperature is approximately the same in both cases. The latter was estimated to be approximately 53 K from the energetic shifts of the PL lines at the generation point.
The bright areas in the two-dimensional plot for ␦I R in Fig. 2͑a͒ show the spatial-temporal evolution of the carrier density generated by the pump beam under the acoustic field. The high carrier concentration around ⌬x = 0 drifts initially slowly along the SAW propagation direction with an average velocity much smaller than the SAW velocity v SAW = SAW f SAW = 2.93 m / ns ͑dashed line, where f SAW = 524 MHz is SAW resonance frequency at the measurement temperature͒. The low effective carrier velocity is attributed to the screening of the SAW piezoelectric field by the high carrier concentration present after the pump pulse. As a result, only a small fraction of the generated carriers are transported by each of the first SAW cycles following the pump. The carriers trapped in the first few SAW cycles lead to the faint cloud around the dashed line in Fig. 2͑a͒ . These carriers, however, maintain their spin polarization over long transport distances, as illustrated in Fig. 2͑b͒ In order to extract quantitative information from the spatial-temporal plots ͑cf. Fig. 2͒, Fig. 3 
displays profiles for
␦I K recorded along the dashed ͑circles͒ and dot-dashed ͑squares͒ lines in Fig. 2͑b͒ , in the presence ͑open symbols͒ and absence ͑solid symbols͒ of a magnetic field B ext = 65 mT. The lines were obtained by fitting the measured data to the expected spin dynamics during Larmor precession under a transverse magnetic field B ext given by
where g is the g-factor, B the Bohr magneton, h the Planck's constant, L the precession frequency, and T 2 ‫ء‬ the effective relaxation time for precessing spins. 6 In our undoped samples, the intrinsic spin lifetime s is related to T 2 ‫ء‬ and to the carrier recombination time, r , by the expression s = ͑1 / T 2 ‫ء‬ −1/ r ͒ −1 . r was obtained from the time dependence of ␦I R displayed in the inset of Fig. 3 . Note, in particular, that r enhances significantly under a SAW ͑filled cycles͒, reaching values close to 50 ns for ⌬t Ͼ 3 ns.
All data sets for B ext = 65 mT can be fitted to Eq. ͑1͒ using a single precession frequency L = ͑308Ϯ 5͒ MHz, indicating that the contributions from the SAW field to the spin precession frequency 13 are negligible under the present experimental conditions. The g-factor g Ӎ 0.35 obtained from L agrees well with reported values for electron spins in similar ͑110͒ QW samples. 3, 6 This result is also consistent with a short hole spin relaxation time ͑in the tens of picosecond range͒, which makes the spin dynamics during acoustic transport entirely determined by the electron spins.
In contrast to L , T 2 ‫ء‬ and r vary considerably among the different data sets in Fig. 3 . We first consider the results obtained for B ext =0 ͑filled symbols͒. The spin relaxation time s = 3.1Ϯ 0.04 ns measured in the absence of acoustic excitation ͑solid squares in Fig. 3͒ compares very well with those reported in Ref. 6 for T ϳ 50 K. The lifetime under these conditions is limited by BAP scattering induced by the high carrier density created by the pump pulse. The application of a SAW increases the lifetime to s = 4.1Ϯ 0.3 ns ͑solid circles͒, yielding spin transport lengths v SAW s Ͼ 12 m. The latter is attributed to the reduction of BAP scattering as the electron-hole pairs are spatially separated by the SAW field. In fact, we have also observed that the SAW reduces by a factor of 20 the PL excited under conditions comparable to the one provided by the pump beam, thus attesting to a reduced electron-hole overlap despite the high carrier densities. The high excitation densities may, however, account for the shorter spin lifetimes as compared to the ones reported in Ref. 13 .
Under a magnetic field, the lifetime of the electron spins becomes limited by the strong DP dephasing of their in-plane component, which appears when the electron momentum vector deviates from the ͓001͔ direction. In agreement with this expectation, the profiles with open symbols in Fig. 3 yield lifetimes s = 1.24Ϯ 0.09 ns ͑without a SAW͒ and s = 2.26Ϯ 0.03 ͑under a SAW͒, which are much shorter than those for B ext =0
In conclusion, we have demonstrated that TRKR is a sensitive tool to probe the transport and manipulation of spins by SAWs as well as to study the limiting spin relaxation mechanisms.
